sleep stage dynamics; relative transition frequency; duration distribution; power-law IT HAS LONG BEEN KNOWN THAT humans display consolidated sleep based upon distinct sleep stages or states: waking, light sleep (stages I and II), deep sleep (stages III and IV), and rapid eye movement (REM) sleep (25) . Historically, sleep architecture has been characterized by simple descriptive statistics, such as sleep efficiency (the percentage of time asleep relative to the time in bed), the number of awakenings, latencies to sleep onset and REM sleep, and total duration of each sleep stage. Surprisingly, more sophisticated analyses, including study of the nature of transition dynamics between these sleep stages have only recently been done. For instance, Yassouridis et al. (37) studied survival time statistics of a particular stage ended by other different stages with their event history analysis, a modification of the Cox regression analysis of life tables (9) , by assuming an exponential P(t)ϳe Ϫt/ decay of sleep stage durations, where the P(t) is a probability distribution of durations t of a stage and the is a constant. Recently, Comte et al. (7) reported that duration statistics of REM sleep in rats take a power-law P(t)ϳt Ϫ␣ probability distribution, where the ␣ is a constant, partially devaluing the exponential survival time analysis. Finding a power-law relation in REM sleep and waking durations rather than an exponential decay characteristic of random survival times (18, 19) points to the presence of an underlying complex mechanism governing sleep stage transitions; this idea is reinforced by the fact that power-law or heavy-tailed distributions of survival times are often observed in a variety of complex systems (29, 31) .
Data do not exist as to whether the sleep stage transition patterns seen in rats (7) occur also in humans, and, in fact, what the physiological implications of these patterns might be. To determine these, we decided to study sleep stage transitions in healthy humans. In addition, we decided to extend our studies to include patients with chronic fatigue syndrome (CFS) (13) . CFS is a medically unexplained illness characterized by persistent or relapsing fatigue lasting at least 6 mo, which substantially interferes with normal activity. In addition to severe fatigue, one of the most common and disturbing symptoms of CFS is unrefreshing sleep (26, 32) . As the literature is unclear as to whether CFS patients have normal sleep or subtle abnormalities in polysomnography (1, 11, 26, 35, 36) , we hypothesized that it may be possible to identify differences in the pattern of sleep stage transitions between patients and controls, possibly explaining the severe fatigue of this patient group.
METHODS
Subjects. The subjects were 44 women: 22 healthy controls (age: 38 Ϯ 8 years) and 22 CFS patients (age: 42 Ϯ 8 years). None of these subjects had clinically evident sleep disorders in the form of restless leg syndrome or sleep-disturbed breathing (see Polysomnography). The patients fulfilled the 1994 case definition for CFS and thus had neither any medical explanation for their symptoms based on history, physical examination, and exclusionary blood tests, nor serious psychiatric diagnoses, including schizophrenia, eating disorders, substance abuse, or bipolar disorder (13) . Controls all reported their health to be excellent or good and had normal exams and normal blood tests. Psychiatric diagnosis, according to DSM-IV criteria was made using the computerized version of the Diagnostic Interview Schedule (DIS-IV) (27) . Because sleep-EEG changes are frequent symptoms of MDD (21), we used this diagnostic interview to confirm that no subject with MDD was included. To reduce variability additionally, menstruating subjects were all studied in the follicular phase of their menstrual cycles.
All of the subjects gave their informed consent, and their participation in this research was approved by the New Jersey Medical School's Institutional Review Board. Following instructions to refrain from alcohol and caffeine ingestion and avoid engaging in prolonged and/or strenuous exercise in the daytime before study nights, the subjects underwent one night of polysomnographic recording in a quiet, shaded hospital room. The subjects went to bed at their usual bedtime and awoke the next morning between 7:15 and 8:00 AM.
Polysomnography. Subjects underwent full nocturnal polysomnography consisting of EEG (C3/A2, O1/A2, and FZ/A2), electrooculogram, submental electromyogram (EMG), anterior tibialis EMG, a lead II ECG, thoracic and abdominal motion, airflow using a nasal cannula/pressure transducer and an oral thermistor, and pulse oximetry.
Sleep was scored every 30 s by a single scorer, according to standard criteria of Rechtschaffen and Kales (25) . Sleep stages are usually scored by dividing a sleep recording into nonoverlapping epochs of equal duration, and a single stage is assigned to each epoch. If more than one sleep stage occurred within an epoch, the sleep stage that occupies the greatest portion of the epoch was scored as the stage of the whole epoch. An arousal was defined according to standard American Academy of Sleep Medicine criteria (2) as a return to alpha or fast-frequency EEG activity, well differentiated from the background, lasting at least 3 s but no more than 15 s. If alpha or fast-frequency EEG activity lasted at least 15 s within an epoch, the stage of the epoch was scored as "awake."
Respiratory events were defined as any combination of apnea and hypopnea lasting at least 10 s or airflow, suggesting flow limitation lasting at least 10 s associated with an arousal. Apnea was defined as a reduction in airflow to less than 10% of waking level in the nasal cannula and absent airflow in the oral thermistor, and hypopnea was defined as a decrease in inspiratory airflow to Ͻ50% of waking levels. Flow limitation was considered to occur when there were two or more consecutive breaths (for an event duration generally Ն10 s) that had a flattened or nonsinusoidal appearance but had peak inspiratory amplitudes that did not meet the Ͼ50% reduction requirement of hypopnea. These events were required to end abruptly with a return to breaths with sinusoidal shape. Respiratory disturbance index (RDI) was defined as the total number of apneas, hypopneas, and flow limitation events per hour of sleep (3) . The RDI, including the flow limitation events terminated by arousal has been previously shown to be essentially identical to the number of the esophageal manometry events terminated by arousal, which have been called respiratory effort-related arousals (3) . On the basis of results by Ayappa et al. (3) , it was assumed that an RDI Ͼ20 events/h was sufficient to account for excessive daytime sleepiness on the basis of sleep-disordered breathing, and the diagnosis of sleep-disturbed breathing was then made for patients and healthy controls with this finding. Periodic leg movements (PLM) were defined as four or more consecutive, involuntary leg movements/h during sleep, lasting 0.5-5.0 s, with an intermovement interval of 5-90 s. Patients were labeled as having periodic leg movements in sleep syndrome (PLMS) when the number of PLM/h (index) was greater than 5/h. Using these criteria, we confirmed that none of the subjects in this study had either abnormal RDI Ͼ20 or PLMS.
Stage transition analysis. The relative stage transition frequencies were calculated based on two classification approaches: awake, REM, and non-REM sleep; and awake, REM sleep, and stages I, II, III, and IV sleep. The relative transition frequencies were calculated both by dividing the number of transitions between stages by the total number of all transitions (the global relative transition frequency) and by dividing the number of transitions from the specific stage to one of the other stages by the total number of the transitions from the specific stage to another stage (the normed relative transition frequency). Means (SD) of the number of stages analyzed per subject are shown in Table 1 . Averages of relative transition frequencies in Figs. 1-4 and Tables 2 and 3 are shown using mean relative transition frequencies for the whole group.
Sleep processes exhibit a rhythmic aspect of transitions, consisting of ϳ90-min sleep cycles, but this pattern may not be homogeneous throughout the course of the night (4, 6) . Therefore, we also investigated the temporal dependence of transition statistics between awake, REM, and non-REM sleep by dividing sleep time into four sections every 90 min (0 to 90 min, 90 to 180 min, 180 to 270 min, and 270 to 360 min) from the first appearance of stage I sleep.
Statistical analysis. Differences in variables between groups were assessed using a multivariate analysis of variance (MANOVA), including Bonferroni corrections for all subsequent a-posteriori tests, which was performed on relative transition frequencies for subjects who had nonzero-normed relative transition frequencies. Also, if differences did not show statistical significance on the multivariate level in MANOVA, they were then investigated on the univariate level by the nonpaired t-tests. Duration distributions for each sleep stage were analyzed by pooling those of all of the individuals in each group, that is, in that of healthy controls and in CFS patients. However, to assess interindividual differences in distributions, we used the Kolmogorov-Smirnov test for all of the pairs of individuals. Statistical significance was accepted when P Ͻ 0.05.
RESULTS
Relative transition frequencies. Global and normed relative frequencies of transitions between three sleep stages (awake, REM, and non-REM sleep) are shown in Fig. 1 and Fig. 2 , respectively. The mean global relative transition frequencies of healthy individuals from REM sleep to awake (R 3 W) and from REM to non-REM sleep (R 3 S) are 4.1% and 16.3%, respectively. Transitions from awake to REM sleep (W 3 R), which is one of the symptoms of narcolepsy, rarely occur in either healthy controls (0.7%) or patients with CFS (0.3%). When comparing CFS patients with healthy controls, both the global and normed relative frequencies in transitions from non-REM sleep to awake (S 3 W) are significantly greater in CFS patients (34.8% and 73.7%, respectively) than in healthy controls (27.9% and 58.6%, respectively). In addition, although the global relative frequency of transitions from REM sleep to awake (R 3 W) does not differ significantly between groups, its normed relative frequency is significantly greater in CFS patients than in healthy controls. Both the global and normed relative frequencies in transitions between REM and non-REM sleep (R 7 S) are significantly greater in healthy controls than in patients with CFS.
As for the temporal dependence of transition statistics between awake, REM, and non-REM sleep, none of the global relative transition frequencies from 0 to 90 min differed significantly between healthy controls and CFS patients. However, as the night-time advances, the global relative transition frequencies between awake and non-REM sleep (W 7 S) are greater in CFS patients than in healthy controls, and those between non-REM and REM sleep (S 7 R) are greater in healthy controls than in patients with CFS, and both of these were significantly different by MANOVA for 270 to 360 min and in addition by nonpaired t-test for 90 to 180 min and 180 to 270 min (Fig. 3) . In addition, while the normed relative frequencies in transitions following non-REM sleep (S 3 W and S 3 R) and from REM to non-REM sleep (R 3 S) show the same tendency as the global transitions, the normed relative frequencies in the transition from REM sleep to awake (R 3 W) are different from the global relative frequency, being much greater with a statistically significant difference in patients with CFS than in healthy controls as the night advances (Fig. 4) .
Global and normed relative frequencies of transitions between six sleep stages (awake, REM sleep, and stages I, II, III, and IV sleep) are shown in Table 2 and Table 3 , respectively. Both in the global and normed relative transition frequencies between awake, REM sleep, and stages I-IV sleep, the transitions between stage I and REM sleep (stage I 7 REM sleep) are significantly greater in healthy controls than in patients with CFS. In the normed relative frequencies, the transitions from stage I and REM sleep to awake (I 3 W and R 3 W, respectively) are significantly greater in patients with CFS than in healthy controls. The increase in these transitions to the awake stage suggests the existence of disturbed sleep for patients when they are in these sleep phases.
Duration distributions. Distributions of durations of three sleep stages are shown in Fig. 5 . To verify that the data from individual recordings for awake, REM, and non-REM sleep Fig. 2 . Normed relative transition frequencies between W, R, and S for healthy controls (black) and patients with CFS (gray). **P Ͻ 0.01 from healthy controls. Global relative transition frequencies between awake (W), REM sleep (R), and stages I, II, III and IV sleep for healthy controls and patients with CFS. Characters (W, I, II, III, IV, and R) represented in rows are preceding stages, and those in columns are subsequent stages of transitions. †P Ͻ 0.01 from healthy controls.
periods are respectively drawn from the same probability distribution, we applied the nonparametric Kolmogorov-Smirnov test and compared the probability densities pairwise between subjects for all individual sleep stages. For awake and non-REM sleep periods, the percentages of individual pairs for which the null hypothesis of identical distribution is rejected, seen in Table 4 , are fairly low. This suggests that both in the case of awake and non-REM sleep, duration periods are respectively drawn from the same distributions for each subject, with the data from all of the individuals collapsing onto respective, unique distribution forms (Fig. 5A for awake and Fig. 5B for non-REM sleep). For REM sleep periods, such percentages of the positive Kolmogorov-Smirnov test are slightly higher (21.6% for healthy controls and 22.8% for CFS patients). This leads to a spread of plots, particularly for longer REM sleep durations (Fig. 5C ), although shorter REM sleep periods than 1,000 s seem to follow a unique distribution form.
Consequently, the probability densities for awake and non-REM sleep durations follow a power-law (linear on the semilog plots; A, B), while those for REM sleep follow an exponential function (linear on the semi-log plot; C), which is characteristic of random processes, for both healthy controls and patients with CFS (Fig. 5) . Linear fitting was performed on the data of healthy controls and patients with CFS to calculate the coefficients that characterize the behavior of the power-law or exponential function. The power-law exponent, which is estimated as the slope of the double logarithmic plot, is equal to ␣ ϭ 1.7 for awake and ␣ ϭ 1.0 for non-REM sleep for both healthy controls and patients with CFS. The time constant, which is estimated as the slope of the semilogarithmic plot, is equal to ϭ 6.1 min for healthy controls and ϭ 5.9 min for patients with CFS for REM sleep.
As for the probability densities of non-REM sleep durations, those for deep sleep (stages III and IV) follow a power-law function, with the power-law exponent ␣ ϭ 1.8 for stage III sleep (Fig. 6C) and ␣ ϭ 0.8 for stage IV sleep (Fig. 6D) for healthy controls and ␣ ϭ 1.5 for stage III sleep (Fig. 6C) and ␣ ϭ 1.2 for stage IV sleep (Fig. 6D) for patients with CFS. The probability density of durations of stage I sleep takes an exponential function with a characteristic timescale ϭ 0.9 min for both groups (Fig. 6A) and that of stage II sleep seems to obey a stretched exponential function P(t)ϳe
␤ , where the log vs. log log plot exhibits a linear relationship (Fig. 6B) . The value of the slope is equal to ␤ ϭ 0.4 for both groups. By the Kolmogorov-Smirnov test for each of the stages I-IV sleep, in most cases, we are not able to reject the null hypothesis that duration distributions for each subject are drawn from the same distribution for each stage; the percentage of positive Kolmogorov-Smirnov test is relatively high (21.1%) only for stage II sleep in healthy controls (Table 4) .
DISCUSSION
Sleep dynamics emerge from complex interactions between neuronal populations in many brain regions (14, 15, 20, 24, 28) . Annotated sleep stages from EEG recordings could potentially provide a noninvasive means to obtain valuable insights into the mechanisms of these interactions (8) and ultimately into the very nature of sleep regulation. However, to date, sleep stage analysis has been quite limited, only recently expanding the scope of the traditional descriptive statistics to more dynamic assessments evaluating transitions between sleep stages (7, 18, 19) and temporal pattern of relative transition frequencies between different stages (37). In the present study, we elucidate for the first time detailed duration and dynamic transition statistics among sleep stages for healthy humans and patients with CFS, who have significant sleep complaints and evidence of disturbed sleep by reduced sleep efficiency (12, 23, 30, 34) . The findings are summarized in Fig. 7 . In the three-stage model (Fig. 7A) , both awake and non-REM sleep durations possess power-law distributions and large relative transition frequencies between them, suggestive of complex underlying mechanisms responsible for these transitions. By contrast, REM sleep durations obey an exponential function associated with random survival times. In healthy subjects, the transitions between sleep stages (non-REM 7 REM sleep) dominate, indicating that, once asleep, transitions to the awake stage are less likely than in CFS patients. In contrast, CFS patients have the propensity to awaken, especially during the later hours of sleep (Figs. 3 and  4) . This finding may explain the patients' common complaint of poor sleep quality with resulting daytime fatigue, because the normal continuation of sleep after either non-REM or REM sleep is disrupted. In addition, the pattern in CFS is associated with a selective increase in the REM sleep to awake transitions, which may contribute further to their reports of poor sleep.
The results for the six-stage model (Fig. 7B ) are qualitatively the same as those for the three-stage model in that the relative frequency of the REM to stage I sleep transition is significantly lower in the patients than in the controls, resulting in a significantly greater REM sleep to awake, as well as greater stage I sleep to awake relative transition frequencies. Furthermore, the six-stage model reveals that the power-law nature of non-REM sleep durations above is ascribed to that of deep sleep (stages III and IV) durations, while the durations of stage The percentage of individual pairs for which the null hypothesis is rejected for each stage for healthy controls and patients with CFS.
I sleep take an exponential function and those of stage II sleep obey a stretched exponential form characteristic of a multifactorial decay (31) . The duration distributions show a gradually increasing departure from the exponential form with increasing depth of sleep, toward a strong tail, power-law type distribution for deep sleep, suggesting increasing complexity of regulation of deeper sleep stages. These results were robust against changing the length of window for sleep stage scoring; we confirmed that the results remained qualitatively the same when the length of the scoring window was increased up to 90 s (not shown).
Such results for humans contrast with those reported for rats in two ways. First, the mean global relative transition frequencies of healthy individuals from REM sleep to awake (R 3 W; 4.1%) and from REM to non-REM sleep (R 3 S; 16.3%) are lower and higher, respectively, than those reported in rats (13.2% and 0.2%, respectively) (8) . Second, the probability densities for non-REM sleep durations in humans follow a power-law, while those for REM sleep follow an exponential function. These observations for humans are different from those shown in rats (7), where non-REM and REM sleep durations follow exponential and power-law functions, respectively. We thus suggest that the acquisition of an ability to continue to sleep after REM periods and the increased complexity (power-law nature) of a system governing non-REM sleep characterize human sleep.
Over the course of the many decades, sleep researchers have used simple descriptive statistics to characterize and summarize the total duration of sleep. While this methodology has been extremely useful in defining the abnormalities that currently constitute sleep pathology, this approach does not explain specific patient complaints of disturbed and unrefreshing sleep. However, a dynamic analysis complements the classical approach by allowing an analysis of transition dynamics between sleep stages. In 2002, Lo et al. (19) studied the dynamics of two-state asleep-awake transitions during sleep in humans, focusing on the duration distributions, and found entirely different behavior in the periods "awake" and "asleep." Subsequently, Lo et al. (18) expanded their investigations in humans to other mammalian species, but their studies were confined to only two-state ("asleep" and "awake") duration distributions. Comte et al. (7) investigated rats' sleep dynamics, focusing on the relative transition frequencies and duration distributions of three sleep stages (awake, REM, and non-REM sleep). In the present study, we have investigated detailed transition dynamics in humans for six stages (awake, REM sleep, and stages I, II, III, and IV sleep), the entire set of sleep stages in humans. Each sleep stage is characterized by distinct features as revealed by our analysis. Therefore, these features likely reflect stage-specific neural activities (10, 14, 16, 22) , and theories explaining different duration or survival time distributions (31) might give deeper insights into the underlying mechanisms governing sleep stage regulations.
Diagnostic criteria for CFS include "unrefreshing sleep" as one of the eight associated symptoms (13) , and it is indeed one of the commonest symptoms in CFS (5) . Some studies have revealed reduced sleep efficiency, prolonged sleep onset, a reduction in REM sleep, daytime napping, a lower percentage of stage IV sleep and alpha-intrusion during non-REM sleep in CFS (12, 17, 23, 30, 33) . However, these results are not consistent between studies or subjects, as pointed out in review articles by Fischer (11) and Afari and Buchwald (1). Reeves et al. (26) have even concluded that there are no statistically significant differences in sleep parameters between CFS patients and controls.
In contrast, our approach shows robust differences in sleep dynamics between patients and controls. The results obtained from our analysis of relative transition frequencies between sleep stages indicate that the influence of factors interfering with the continuation of REM sleep and non-REM sleep (stage I) may be different between healthy controls and CFS patients, while the fundamental mechanisms determining durations of each sleep stage are similar. In other words, CFS patients might not have a dysfunction in systems maintaining each sleep stage, because the distributions of durations of each stage are not different between healthy controls and CFS patients. Instead, they may have a disturbed switching mechanism governing sleep stage transitions, because the relative frequencies in transition between some stages do differ between healthy controls and CFS patients. Some studies have used descriptive statistics to demonstrate a relation between subjective fatigue and periods of wakefulness or poorer sleep efficiency in CFS (23, 30) . Our data suggest that the major complaint of CFS patients of "unrefreshing sleep" may be derived from this sudden arousal from both stage I and especially from REM sleep, which is a characteristic of "dreaming sleep."
Perspectives and Significance
We find that the dynamic transitions of sleep stages are remarkably rich, with asymmetry and nonuniformity of relative transition frequencies, and differences between species (rats and humans). Using this approach should be useful for elucidating as yet unappreciated mechanisms of human sleep regulation and its evolutionary perspective, as well as uncovering processes that might lead to disease. Theoretical modeling of sleep stages with known survival time distributions and dynamic transitions among them would be promising for future research. 
